A multiproxy study of sediments cores from Zoñar Lake (37º29'00''N, 4º41'22'' W, 300 m a.s.l.) supported by 11 14 C AMS dates provides the first high-resolution centennial-scale reconstruction of past humidity changes in southern Spain during the last 4000 years. Arid periods occurred prior to 2.9 cal. kyr BP and during 1.3-0.6 cal. kyr BP (Medieval Climate Anomaly). The most humid period occurred during 2.6-1.6 cal. kyr BP encompassing the late Iron Age-Iberian and Roman epochs. Two humid periods of lower intensity occurred between 0.8 -0.6 cal kyr BP (1200 -1400 AD) and about 400
(A) Introduction
The Mediterranean region is very sensitive to global climatic changes, as has been shown for short (decadal) and long (millennial) time scales (Giralt et al., 1999; Rodrigo et al., 1999; Larrasoaña, 2003; Gil García et al., 2007) . Mediterranean climate is controlled by the descending branch of the Hadley circulation in summer, and by the dominance of Westerlies in winter (Rodwell and Hoskins, 1996, 2001) , and consequently it responds to changes in global atmospheric patterns.
Effective moisture shifts in the Mediterranean region have had a strong impact on human societies and the environment during recent millennia (Zorita et al., 1992; Jones et al., 1997; Rodrigo et al., 2000) . The paleoclimate evolution during the late Holocene has been reconstructed in northern Spain on the basis of the mercury content in a peat bog (Martínez-Cortizas et al., 1999) , multiproxy studies in Sanabria Lake sediment cores (Luque and Juliá, 2002) , pollen records from the Ría de Vigo (Desprat et al., glutinosa, Fraxinus angustifolia, Populus alba, Populus nigra, Ulmus minor, Salix sp., and Tamarix sp.) . The landscape is strongly influenced by anthropogenic activities, and is dominated by cultivated olives.
(A) Methods
Four sediment cores were collected in 2004 with a Kullenberg piston corer in collaboration with the Limnological Research Center (University of Minnesota, USA).
Before splitting the cores, magnetic susceptibility was measured by a Geotek® every 1 cm. The sediment cores were split, imaged with a DMT Core Scanner and described and correlated by sedimentary facies. Two cores were selected and sampled: ZON04-1B (600 cm long) and ZON04-2A (170 cm long) (Fig.2) . The first one was sampled every 2 cm for total organic carbon (TOC), total inorganic carbon (TIC), and total sulfur (TS), every 4cm for analysis of total nitrogen (TN) and biogenic silica (BGS), every 5 cm for mineralogy and every 20 cm for biological proxies (ostracods and diatoms); ZON04-2A was sampled every 2 cm for TOC, TIC and TS, and every 5 cm for mineralogy. The sample thickness was 1cm except for ostracod sampling (2cm).
Sedimentary facies were defined by visual description and microscopic observations following LRC procedures (Schnurrenberger et al., 2003) and by mineralogical and chemical compositions. The TC, TOC and TS contents were determined by a LECO elemental analyser and TN by a VARIO MAX CN elemental analyzer. Mineralogy was characterized by X ray-powder diffraction (XRD) with a Bruker D8 advance and scanning electron microscopy and EDS analyses with a FEI-Quanta ESEM. Semi quantitative mineral composition of samples was determined by the normalized reference intensity ratio (RIR) method of Chung (1974 a, b) .
Light elements were measured in cores 1B, 1A and 1C with 5 mm resolution (for massive units) and 2 mm resolution (for laminated units) by an XRF core scanner at the University of Bremen, using 30 seconds count time, 10 kV X-ray voltage and an X-ray current of 1000 µA (massive units) and 500 µA (laminated units). The iron and sulphur contents are expressed as total counts. Pollen grains were extracted by the classic chemical method (Moore et al., 1991) and using Thoulet formula heavy liquid, modified according to Dupré (1992) , for pollen concentration. The pollen sum is normally 300 but exceptionally as low as 275 terrestrial grains per sample. Ostracods were separated with the procedure described by Forester (1988) , and diatoms prepared following Renberg (1990) .
Fourteen samples (terrestrial and aquatic plant macrorests, charcoal, and bulk organic matter) from cores ZON04-1B and ZON04-2A were analyzed by AMS for 14 C dating (Table I) . Varves were counted in selected intervals based on the procedure described by Brauer and Casanova (2001) .
(A) Results

(B) Chronology
The age-depth model for the Zoñar record provides a robust chronology for the last 4000 years based on nine AMS 14 C dates from ZON04-1B core and one from ZON04- , 2006) . The rates are about 1-2 mm/yr for the laminated intervals and 2-3 mm/yr for the massive facies characterized by higher detrital composition.
(B) Sedimentology
The 600 cm long core from the deepest area of Zoñar Lake (14.5 m water depth) is composed of four main sediment types: i) massive, brownish and grey carbonate mud and silt layers; ii) finely laminated layers composed of mm to cm thick laminae of four types: authigenic calcite, organics (mostly diatoms and algal remains), detrital (carbonates, quartz and clay minerals) and gypsum; not all the laminae occur in one particular facies; iii) cm-thick layers of gypsum; iv) massive facies with pedogenic textures at the base of the sequence.
Nine sedimentary facies were identified after visual description, microscopic observations and sediment composition analyses (Fig.4 , Table II Massive facies (facies 1 and 2) represent deposition during periods of higher detrital input into the lake and more littoral deposition, with oxic conditions at the water sediment interface and frequent bioturbation. Brown layers, with higher organic matter, diatom and ostracod content are indicative of relatively higher organic productivity in littoral environments.
Laminated facies indicate depositional conditions with limited bottom bioturbation, usually caused by low oxygen content, and lower clastic input.
Depositional conditions for laminated facies can occur in quite different lake settings: i) high lake level conducive to water stratification and dominance of an anoxic hypolimnion, as those described by Brauer (2004) in central European lakes; ii) low lake levels and saline conditions leading to development of algal/bacterial mats (ValeroGarcés et al., 2001) , iii) high organic productivity leading to eutrophication and consumption of oxygen (Kalff, 2002 Laminated gypsum facies (facies 6) indicate higher salinity, likely a result of chemically concentrated waters and decreasing lake levels (Arenas et al., 1999; Anselmetti et al., 2006; Möller et al., 2007) .
Massive facies with edaphic textures (facies 8 and 9) at the base of both littoral Eight stratigraphic units, described in detail in core ZON04-1B (Fig.4) , are correlated across the Zoñar Lake basin ( Fig.2 and 4 there is evidence of this species in temporary water bodies (Roca et al., 2000) .
Ostracods are absent in unit 8. Downcore variations in biogenic silica (BGS) record diatom content and past primary productivity of diatoms (Colman, 1995; Johnson, 2001 ). BGS content is low (between 2% and 4%) through the sediment sequence with only 2 major peaks (up to 12 %) in the laminated facies of Units 6 and 2 (ca. 400 cm and 70 cm). Lake productivity is expected to be higher at those intervals, which are also characterized by higher TOC and lower C/N ratios (Meyers, 1999 and . Due to the presence of reworked, marine diatoms, BGS curve cannot be used as an accurate estimate of biogenic diatom productivity. However, some increasing (decreasing) trends are coherent with the increase (decrease) in planktonic diatoms. For example, the top of unit 4, 3B and 3A
show increasing BGS and more planktonic diatoms, and the transition from Unit 5 to Unit 4 shows decreasing BGS and more benthic diatoms.
(C) Pollen
Pollen assemblages are typical of Mediterranean landscapes dominated by Olea europaea, evergreen Quercus, Pistacia lentiscus and small patches of conifers, mesophytes and shrubs, with variable contribution of herbaceous taxa and aquatic plants associated with the lake basin. In this paper we only present the major pollen taxa to correlate the past hydrological changes in the lake inferred from other proxies ( . In Mediterranean areas a warm and dry period is associated with low lake levels from 4.5 to 2.8 kyr B.P. (Harrison et al., 1993 a, b; Issar, 2003; Sadori et al., 2004) , and it is also documented in Lake Tigalmammine, Middle Atlas of Morocco (Lamb et al., 1995) . In the Iberian Peninsula, lower frequency of river floods occurred during the same age interval (Macklin et al., 2006) , and many records show an increase in aridity during this period: Sobrestany, Girona (Parra, 1994), Navarrés, Valencia (Carrión and Dupré, 1996) , Gulf of Cádiz, Almeria, Alicante and Gulf of Valencia , Cantabrian littoral , Lake Salines, Alicante (Roca and Juliá, 1997) From an archaeological point of view, the end of the Chalcolithic cultures in southern Spain (Salkield, 1987; Araus et al., 1997) coincides with this arid period, lasting until 2.8 cal. kyr BP in Zoñar. The collapse of the Argaric cultures in the SE region of Spain also occurred at around 3.5 kyr (Pozo et al., 2002 a,b; Carrión et al., 2007) .
The onset of the humid Period (2800 cal yr BP). The deeper SW basin in Zoñar
Lake was permanently flooded after 2800 cal yr BP (unit 7) when a brackish, shallow lake established, and aragonite-bearing sediments were deposited. The decrease in Cichorioideae and NAP pollen content and the increase and better preservation of diatoms (Fig. 5 ) also indicate the transition from drier to wetter conditions. The onset of this major event in Zoñar coincides with a wetter period between 3000 and 2000 cal. yr BP in Europe (Girandi, 1989; Leira, 2005) , and in the Mediterranean area (Roca and Juliá, 1997; Harrison et al., 1999; Sadori et al., 2004 The Post Bronze -Iberian-Roman Humid Period. The occurrence of an overall more humid episode in the Gualdalquivir River Basin between 2.6 and 1.6 cal. ky B.P.
encompasses the Post-Bronze, Iberian and Roman civilizations development in the area.
The Zoñar record allows a precise dating of the onset of this period (2600 cal yr BP) and its structure. From 2600 to 1600 cal. yr B.P. (unit 6) two humid periods characterized by varve deposition occurred separated by one arid interval with gypsum deposition (Fig. 6 ). Well-preserved varves during the period 2600-2100 cal. yr B.P.
correlate with high Olea and Mediterranean forest pollen percentages. During this period several Spanish rivers had more frequent floods (Macklin et al., 2006) and some lakes in northern Africa (Sidi Ali Lake, Lamb et al., 1999) show high lake level (Fig.   6 .). Gypsum deposition, the increase in Chenopodiaceae and the herbaceous component and sharp lake level decrease in African lakes (Lamb et al., 1999) (Fig.6) . , 1998a,b) and lower lake levels are inferred in central Italy (Dragoni, 1998; Issar, 2003) and northern Africa (Lamb et al., 1999) (Fig.6) . In
Northern Spain, evidence for lower lake levels and decreased floods during the 9 th -11 Faintly laminated sediments of subunit 1B could indicate lower lake levels and increased salinity during the 1960s -1970s caused by decreased rainfall and also the use of water of the spring for human consumption. Lake level increased after 1982 when the lake was declared a natural reserve and less water was diverted for agricultural purposes and human consumption. Figure 6 shows the general trend of higher lake levels during the 20 th century and not these smaller hydrological fluctuations.
(B) Paleoclimatic implications
The complex geography of the Iberian Peninsula and its location between the Kutzbach et al., 1993; Harrison et al. 1996) .
The main hydrological transitions in the Zoñar Lake record are synchronous with the major periods of Holocene rapid climate change (RCC) described by Mayewski et al. (2004) . Most of these events during the Late Holocene (4200-3800, 3500-2500, 1200-1000 cal. yr B.P.) are characterized by polar cooling, tropical aridity and major changes in the atmospheric circulation, although the most recent one (600-150 cal. yr B.P.) showed increased humidity in some parts of the tropics.
In Zoñar Lake, the 3500-2500 and 600-150 cal. yr B.P. RCC intervals shows transitions to humid conditions while the 4200-3800 and 1200-1000 cal. occurred later in northern Africa (around 2500 yr B.P.) than in Europe, but the highest lake levels coincides with the maximum lake level in Zoñar (Lamb et al., 1995; Lamb et al., 1999) (Fig.6 ).
The 600-150 cal. yr B.P. RCC period coincides with glaciers advance in the Alps, westerlies strengthened over North Atlantic and Siberia, the Greenland's Norse colonies collapse and humid conditions over Equatorial Africa (Verschuren et al., 2000) and in
Eastern Mediterranean (Soreq Cave, Bar-Mattews et al., 1999) .
The Zoñar Lake response to both RCCs is similar (increased humidity). A maximum 14 C and 10 Be records during the 3500 -2500 cal. yr BP and the 600 cal yr BP suggest that a decline in solar output is a plausible forcing for these periods of rapid climate change (Mayewski et al., 2004) . On the other hand two of the three main arid periods in Zoñar Lake coincide with "cool poles, dry tropics" RCCs. The Roman The Zoñar record supports the hypothesis that the timing of the main humid periods during the Holocene follows solar insolation, however, the occurrence of the arid periods does not follow the same pattern. Possible causes may be the northward migration of the associated winter rain belt, the strengthening of the Azores high during dominant NAO phases and/or decreased SST and evaporation due to disturbances in the thermohaline circulation of the North Atlantic (Björck et al., 2006) .
(A) Conclusions
Paleoclimate reconstruction for Zoñar Lake shows the rapid responsiveness of this lake system to the Mediterranean climate evolution during the last 4000 years. We also thank Achim Brauer for his support and dedication during the varve counting.
We are also very grateful to the LRC (Minnesota, USA), and particularly to Doug Cm-thick and dm-thick layers with gradational boundaries. Relatively low MS (4-8), low organic matter content (TOC 1-3%, TN <0.5%) and low Fe (200 cps); C/N: 10-15. 
Unit 4
Brackish to saline lake Facies 6. Gypsum laminae Laminae (3-5mm thick, unit 4) and cm-thick layers (unit 6). Both, diagenetic (nodules and intrasedimentary 100 µ long crystals) and primary (prismatic, 20 µm long crystals) occur.
Units 4 and 6 Saline lake Facies 7: Varves, annuallylaminated.
Mm-thick laminae arranged in 2-5 mm thick triplets (varves) composed of i) authigenic calcite,ii) organic ooze and iii) calcite mud.
Unit 6
Offshore lacustrine, relatively deep, with anoxic bottom conditions. 
Massive facies with edaphic textures
Unit 7
Ephemeral, freshwater to brackish lake Facies 9. Massive, quartz and clayrich carbonate mud with edaphic textures.
Massive and greyish -brownish mud. High MS (16); Low TOC (< 1%); high quartz content; C/N up to 25. Presence of gastropods, subaerial cracks and soil textures (clay cutans and mottling).
Unit 8
Ephemeral lake, frequently dried out and with incipient soil formation aridity index from Caveiro Lake (Azores Islands) (Björk et al., 2006) ; lake level reconstruction inferred from magnetic susceptibility from Sidi Ali Lake (Morocco) (Lamb et al., 1999) ; lake level reconstruction from Tigalmamine Lake (North of Africa) (Lamb et al., 1995) ; paleoprecipitation inferred from δ 18 O in Nar Gölü Lake (Turkey) (Lamb et al., 1999) and Spanish flooding episodes (Macklin et al., 2006) . 
